Guanine and/or adenine nucleotides appear to be involved in the activation of the superoxide-generating NADPH oxidase of phagocytic cells. Their precise roles, however, are unclear, as much ofthe evidence for their involvement comes from experiments in which nucleotides have been added to complex systems already rich in both endogenous nucleotides and enzymes capable of interconverting them. To circumvent this problem we have examnied the role of nucleotides in neutrophil NADPH oxidase activation by using a cell-free system in which adenine and guanine nucleotide concentrations were carefully controlled and monitored by (i) depletion of endogenous nucleotides by extensive dialysis and charcoal treatment; (i) reconstitution of the depleted system with reagents analyzed for purity; and (ii) measurement of nucleotide levels in cytosol preparations and in oxidase reaction mixtures by HPLC analysis. In contrast to previous reports that have demonstrated only a several-fold enhancement of oxidase activity by GTP or its analogs, we have shown that oxidase activation was absolutely dependent upon GTP in reactions containing dialyzed cytosol in which the total endogenous nucleotide levels were reduced by >99.5%. Kinetic studies revealed that GTP is required at or before the rate-limiting step in oxidase activation. Two nonhydrolyzable analogs of GTP, guanosine 5'-(r-thio)triphosphate and guanylyl imidodiphosphate, were even more active than GTP, suggesting the involvement of one or more GTP-binding proteins. In contrast, ATP was neither necessary nor sufficient for oxidase activation.
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If reaction mixtures were contaminated with GDP and/or GMP, however, ATP (but not its nonhydrolyzable analog adenylyl imidodiphosphate) could indirectly support oxidase activation by means of endogenous enzymes that catalyze the ATP-dependent conversion of GMP and GDP to GTP.
Within seconds of contact with opsonized microorganisms, phagocytes reduce molecular oxygen by one electron to superoxide (O°), which is then converted into other microbicidal oxidants (1) . This respiratory burst is catalyzed by NADPH oxidase, a multicomponent enzyme composed of at least four, and possibly more, subunits (2) . Two subunits are located in the plasma and specific granule membranes of resting neutrophils [the gp91-phagocyte oxidase component (phox) and p22-phox subunits of the terminal electron carrier of the oxidase, cytochrome b558] (3) (4) (5) (6) , and two are present in the cytosol (p47-phox and p67-phox) (7) (8) (9) . The cytosol also appears to contain other oxidase cofactors and components (8) (9) (10) (11) (12) . The cytosolic oxidase components may exist as preformed complexes (6, 13, 14) , which upon stimulation of neutrophils translocate to the membrane (15) (16) (17) , where they become integral parts of the oxidase complex (18, 19 GTP potentiates oxidase activation by 2-to 4-fold in cell-free systems (11, 13, 25, 26) . Finally, evidence for the participation of one or more low-molecular-weight ras-like GTPbinding proteins has recently been reported. Partially purified or recombinant rac-) (27) , purified rac-2 (28), and recombinant Krev-1 (also known as rap-la) (29) have all been found to enhance oxidase activation in cell-free systems. Moreover, rap-la was found to be physically associated with cytochrome b558 (30) . When viewed as a whole, there is still uncertainty as to the precise roles of adenine and guanine nucleotides in the activation of the NADPH oxidase. Experiments in which exogenous nucleotides of insufficient purity are added to complex systems already rich in endogenous nucleotides (and capable of interconverting them) can result in misleading conclusions. We, therefore, examined the role of nucleotides in oxidase activation by using a cell-free system in which nucleotide concentrations were carefully controlled and monitored. from normal donors were prepared as described (6, 9, 18, 31) . The protein concentrations of cytosol and deoxycholatesolubilized membranes have been reported (31) (9, 32) . The constituents of each assay mixture were the same as described above, except that the volume of each reaction was reduced to 150 ,A. For both assays maximum rate of 02 production was expressed as nmol of 0°per min per 107 cell eq of membrane. The exponent n relating cytosol concentration to oxidase activity (where the maximal rate of 02 production is proportional to [cytosol]n) was calculated by nonlinear regression analysis as described (18, 19) .
Nucleotide Analysis by HPLC. Cytosol, dialyzed cytosol, membrane fractions (0.75 ml containing 1.25 x 108 cell eq) and complete reaction mixtures (0.75 ml) were deproteinized by adding 100% (wt/vol) trichloroacetic acid to give a final concentration of 11% (wt/vol). Samples were left on ice for 20 min and centrifuged for 10 min at 4°C and 9500 g. Supernatants were extracted three times by vigorous mixing with an equal volume of water-saturated diethyl ether. pH of the final aqueous phase was adjusted to -6.5 with 1 M Tris HCI, pH 8.5, and the samples were stored at -70°C until analyzed. Commercial preparations of nucleotides were dissolved in 20 mM Tris-HCl, pH 7.2, and analyzed for purity. All samples were passed through 0.45-,um filters immediately before injection into a 250-pl HPLC sample loop. Nucleotides were separated on a 25-cm Partisil 10 SAX column (Whatman) as described (33) and quantified by comparison of the peak height to standard curves established for each nucleotide.
RESULTS AND DISCUSSION
In cell-free systems containing cytosol and deoxycholatesolubilized membranes from unstimulated neutrophils, NADPH oxidase can be activated by the addition of anionic amphiphiles such as SDS or arachidonic acid (31) . As shown in Fig. 1 (trace a), the addition of SDS to a reaction mixture preincubated for 3 min elicited a burst in 0°production that began after a brief lag and reached its maximum rate in -1.5 min. When 10 FLM guanosine 5'-[y-thio]triphosphate (GTP[yS]) was added to a similar reaction mixture at the beginning of the 3-min preincubation, a 5-40% increase in O°2 production was seen depending upon the cytosol preparation used (Fig. 1, trace b) , a finding in good agreement with previous reports (11, 13, 25, 26) . ATP (100 AuM) had no effect (data not shown). Extensive dialysis of cytosol led to a complete loss of activity ( Fig. 1 In earlier studies, oxidase activity in the cell-free system was found to increase as the 2.5-power of the cytosol concentration (18) , suggesting that there are at least three kinetically distinct cytosolic components (or complexes) required for expression of oxidase activity. To test whether GTP or ATP might be one of these three components, experiments were done to see whether the 2.5 exponent decreased with saturating concentrations of nucleotides. If GTP, for example, is one of the kinetic components in the cytosol, the observed reaction order should be lower than its usual value of 2.5 at saturating GTP concentrations. Fig. 2 Insets show that the exponent was constant at 2.5 over a 1000-fold range of nucleotide concentrations, indicating that these nucleotides do not contribute to the exponential relationship.
The preceding results suggest that ATP functions as a phosphate donor in oxidase activation because one of its nonhydrolyzable analogs, AppNHp, had no activity. Given the putative roles of p47-phox phosphorylation and protein kinases in oxidase activation, we tested whether a potent inhibitor of these kinases, staurosporine, blocked ATP reconstitution of the cell-free system. Staurosporine [150 nM-a concentration at least 5-fold higher than required to inhibit a broad group of protein kinases (34)] did not affect the extent of oxidase activation in reactions containing either undialyzed cytosol or dialyzed cytosol in the presence of 100 AuM ATP (data not shown). It thus appears that ATP participates in oxidase activation in the cell-free system by a mechanism independent of staurosporine-sensitive protein kinases.
An insight into the possible mechanism of action of ATP came from studies examining whether the various nucleotides were additive or synergistic in their ability to activate the oxidase (Table 1) . When saturating concentrations of GTP and ATP (10 ,M and 100 ,.M, respectively) were added together in a reaction mixture containing dialyzed cytosol, the rate of O2 production was the same as with saturating GTP alone. At a suboptimal concentration of GTP (0.1 PM), the addition of 100 AM ATP led only to an additive increase in 0°generation. In contrast, when 10 ,M GDP or GMP (which per se induced little or no°-production) was mixed with ATP, a synergistic reconstitution ofoxidase activity was achieved similar to the level seen with GTP. This effect was completely abolished when AppNHp was substituted for ATP, suggesting that phosphate transfer from ATP to GDP (or to GMP) with consequent formation of GTP might cause the observed oxidase activity. Kinetic studies were consistent with this interpretation in that the lag preceding the maximal rate of 02 production in the reaction containing ATP and GMP was almost twice as long as that with ATP and GDP (data not shown). Thus, more time was apparently required to form GTP from GMP than from GDP.
The above data predict that the concentrations of GDP and GMP in dialyzed cytosol are sufficiently high that oxidaseactivating levels of GTP can be generated by ATP-dependent nucleotide kinases such as nucleoside diphosphate kinase. HPLC analysis confirmed this to be so (Table 2) , as the GDP concentration was 1 ,M, an amount that could support oxidase activation if fully regenerated to GTP. One striking aspect of these measurements is that GDP appears much more difficult to remove by dialysis (=60% depletion) compared to GTP and ATP (=99.5% depletion), suggesting that GDP is bound tightly to nondialyzable proteins in the cytosol. To decrease further the levels of residual guanine nucleotides, dialyzed cytosol was treated with activated charcoal. Table 2 shows that this treatment reduced the levels of GTP and GDP by an additional 35%. Deoxycholate-solubilized membranes were also pretreated with charcoal to reduce the already low nucleotide concentrations to undetectable levels (data not shown). Charcoal-treated cytosol and membranes still supported high levels of oxidase activity, provided that GTPI~yS] or GTP was added to the reaction mixtures ( Table   Table 1 Activation of NADPH oxidase in the cell-free system was done as described in Fig. 1 by using Dialysis/ charcoal 0.08 ± 0.02 0.67 ± 0.05 <0.1 0.86 ± 0.14 Nucleotide concentrations in cytosols from three different donors were determined by HPLC as described. Each cytosol was divided into three aliquots. Of these three aliquots, two were dialyzed overnight at 40C, and one was kept at 40C for the same time. One of the dialyzed samples was then treated with charcoal as described. The GMP peak could not always be clearly distinguished from other nucleotide peaks, and its concentration, therefore, could not always be precisely determined. Results are expressed as mean ± SD of the data obtained with the cytosol of the three donors.
3). In contrast, ATP was only a sixth as effective in the charcoal-treated system as it was in the dialyzed-only reactions. Full reconstitution, however, was observed when ATP was added in combination with either GDP or GMP (Table 3) . These results indicate that ATP is only active when small amounts of GDP and GMP are present or are added back to the reaction mixture.
The conversion of GDP (and GMP) to GTP in the presence of ATP was directly demonstrated by HPLC analysis of nucleotide levels in cell-free reaction mixtures (Table 4) . Various combinations and concentrations of ATP, GDP, and GMP were added to reactions containing charcoal-treated dialyzed cytosol and membranes. The rates of 0°production were measured during a 5-min incubation, after which levels of the mono-, di-, and triphosphate adenine and guanine nucleotides were measured. Table 4 shows that >75% of GDP (line 3) or GMP (line 4) was converted to GTP in the presence of 100 ILM ATP, whereas only 23% of conversion occurred with 10 .tM ATP (line 6). Interestingly, -1 ILM GTP (-6% conversion) was generated in reaction mixtures containing only 10 ,uM of exogenous GDP and GMP (line 5) . In all of these reactions, the measured rates of°2 production paralleled the final concentrations of GTP generated (taking into account the Ka for GTP of 3 uM as shown above). Thus, these experiments directly show that the stimulatory effect of ATP in the cell-free system is most likely from the presence in neutrophil cytosol of guanylate kinase and nucleoside diphosphate kinase, enzymes that convert GMP to GDP and (10) 27.4 0.8 16.5 + 2.8 Activation of NADPH oxidase in the cell-free system was done as described in Table 1 . Each reaction contained 1.0 x 107 cell eq of either dialyzed or charcoal-treated dialyzed cytosol. Reaction mixtures containing charcoal-treated dialyzed cytosol also included membranes incubated with charcoal as described. Nucleotides were added to the reaction mixtures at the beginning of the 3-min preincubation to give the final concentrations shown. Results are expressed as mean ± SD of three experiments, each using cytosol from a different donor. NADPH oxidase activation assays were done in the spectrophotometer as described by using charcoal-treated dialyzed cytosol and membranes. Initial reaction mixtures were supplemented with ATP, GDP, and GMP in the combinations and concentrations shown. After°2 production had been followed for 5 min, reaction mixtures (0.75 ml) were transferred to ice and stored at -70'C. Nucleotide levels were measured by HPLC to determine extent of conversion between mono-, di-, and triphosphate forms. Based on the sum of the concentrations of these three forms, mean recoveries in this representative experiment (of three) were 99.2% + 9.7 SD and 98.7% ± 14.6 of the added adenine and guanine nucleotides, respectively. Maximal rate of superoxide production in reaction mixtures analyzed is expressed per 107 cell eq of membrane.
GDP to GTP, respectively. These experiments also provide an explanation for the apparent requirement for ATP seen in some reports (24) , an effect that would be particularly dramatic were the prevailing GTP concentration low due to dilution, dialysis (e.g., Table 2 ), or hydrolysis during cytosol preparation. These experiments do not, however, rule out some other role for ATP in oxidase activation in intact neutrophils. There may be two different pathways of activation (35)-one that is ATP-dependent and apparent only in intact cells and another that is ATP-independent and operative in both intact cells and cell-free systems.
The experiments described above clearly establish that GTP (or GTP [yS] ) is absolutely required for oxidase activation in the cell-free system. What is not clear from these studies is the step(s) at which it is required. GTP may be necessary for the assembly of the multicomponent oxidase in the plasma membrane and/or it may be required for the catalytic activity of the fully assembled oxidase. Earlier studies from this laboratory have shown that it takes -1 min to assemble a fully active oxidase complex in the cell-free system after the addition of SDS or arachidonic acid (e.g., Fig. 1) (18, 31) . To identify the stage at which GTP participates, experiments were done using charcoal-treated dialyzed cytosol and membranes to examine the effects of this nucleotide (Fig. 3) on the lag. Fig. 3 This report presents unequivocal evidence that GTP is obligatory for oxidase activation through the use of a cell-free system in which endogenous nucleotides were extensively depleted and the residual levels were monitored by HPLC analysis. Previous reports describing only a several-fold enhancement of activity by GTP or GTP[yS] can be explained by the GTP concentration in undialyzed neutrophil cytosol (Table 2) . When cytosol is diluted in typical cell-free reaction mixtures, the final GTP concentration (1-3 1uM) is near the 3 /AM Ka for this nucleotide. As a result, the absolute requirement for GTP is obscured, but the addition ofGTP can still enhance oxidase activity 2-to 4-fold (11, 13, 25, 26) .
Several lines of evidence suggest that the GTP effect is mediated through one or more GTP-binding proteins: (i) Nonhydrolyzable guanine nucleotides (GTPlyS] and GppNHp) have substantial activity in the cell-free system described here. (ii) Three low-molecular-weight GTP-binding proteins of the ras-superfamily (rac-J, rac-2, and rap-la) enhance O2 production in cell-free systems (27) (28) (29) . (iii) GTP[yS] and GppNHp have levels of activity that exceed that of GTP (Table 3 ; GppNHp data not shown), a finding consistent with the classical view of how G proteins work. Conversion of a G protein from a GDP-to a GTP-bound form would activate the oxidase, whereas hydrolysis of bound GTP to GDP would lead to inactivation. Oxidase activity would, therefore, be proportional to the ratio of the GTPbound to the GDP-bound forms. Due to its nonhydrolyzable nature, the binding of GTP[yS] to a G protein would serve to maintain it in its activated state. The observation, however, that GTP[yS] does not stimulate O2 production on its own (i.e., in the absence of SDS; Figs. 1 and 3) indicates that GTP-binding protein activation alone is not sufficient to activate NADPH oxidase. The generation of phosphatidic acid and arachidonate metabolites, for example, may also be critical in assembly of the catalytically active NADPH oxidase complex from its cytosolic and membrane components.
Even at the level of the putative oxidase-related GTP-binding protein(s), accessory regulatory proteins are probably involved, given the GTP concentration in intact neutrophils. The data in Table 2 predict that the intracellular concentration of GTP may be as high as -200 AM (assuming that 109 packed neutrophils are equivalent to 1 ml). Under these conditions, the oxidase-related GTP-binding protein(s) would be saturated with GTP (Ka 3 AuM, Fig. 2 ) and, therefore, always in an activated state unless other control proteins (e.g., GTPase-activating protein) were also involved (36) .
